The total resistance of ship in waves is composed of calm water resistance and added resistance in waves. The added resistance in waves is one of the main causes of an involuntary speed reduction of a ship. It may cause a significant increase in ship resistance and consequently increased fuel consumption and carbon dioxide emission, especially at heavier sea states. Thus, the added resistance is very important from both an economic and environmental point of view. In this paper, an increase in fuel consumption is calculated for container ship on a typical North Atlantic route. The calm water resistance is calculated utilizing Computational Fluid Dynamics based on the viscous flow theory at model scale and the obtained results are extrapolated to full scale. The added resistance in waves is calculated using three-dimensional panel code based on the free surface Green function, for the sake of simplicity. It is calculated at regular waves and the mean value of the added resistance at certain sea states is obtained by means of spectral analysis. Two-parameter Bretschneider wave spectrum recommended for the North Atlantic, defined by significant wave height and zero crossing period, is used in the spectral analysis. The obtained results may provide valuable insight into the important environmental issue of pollution reduction.
INTRODUCTION
Maritime transport is currently one of the most important modes of transport and will remain like this for a long time. According to International Chamber of Shipping, around 90% of world trade is carried by the international shipping industry. Because of the competitive freight costs, shipping trade continues to expand and bring benefits to consumers around the world [1] . Maritime transport is the most cost-effective mode of transport. Significant advances in shipping technology and the ability of ships to transport an increased capacity of goods have given even more importance to this mode of transport [2] .
The launch of container shipping is considered as one of the most significant progresses in the maritime cargo industry. Containerization have changed and revolutionised the way in which cargo is ferried and transported across the world, while increasing the safety and security of the transported cargo. Nowadays, many large shipping companies mainly deal with containerized cargo. Container ships are designed and constructed to transport huge amounts of various cargo. The cargo capacity of container ships is measured in terms of Twenty-foot Equivalent Unit (TEU), an inexact unit of cargo capacity based on the volume of a 20-foot-long (6.1 m) intermodal container. Due to their ability to transport high cargo capacities, some of the largest ships in the world are container ships [3] . The world's largest container ship is OOCL Hong Kong, Ultra Large Container Vessel (ULCV), with a length of 399.87 m and cargo capacity of 21, 413 TEU [4] .
Driving such large ships requires a lot of power and consequently large fuel consumption, especially on large routes and heavier sea states. Reducing the fuel consumption and carbon emissions are two most important measures of shipping industry in order to minimize environmental impact, as emissions are in direct relation to fuel consumption. Even though maritime transport is the least polluting mode of transport per transported tonne of cargo, the International Maritime Organization (IMO) has proposed and implemented energy efficiency and Greenhouse Gas (GHG) regulations [5] . In recent years, shipping companies are faced with continuously increasing regulatory requirements. From January 1 st , 2013 Ship Energy Efficiency Management Plan (SEEMP) and Energy Efficiency Design Index (EEDI) entered into force. More sea areas have been proclaimed as Emission Control Areas (ECA) in which stricter controls were established to minimize airborne emissions from ships [sulphur oxides (SOx), nitrogen oxides (NOx), Ozone Depleting Substances (ODS), Volatile Organic Compounds (VOC)] [6] . From January 1 st , 2018 onwards, European Union (EU) has adopted a Regulation on monitoring, reporting and verification of carbon dioxide (CO2) emissions. The main purpose of this regulation is to promote the reduction of CO2 emissions by introducing a robust system of monitoring and reporting of data on annual fuel consumption, CO2 emissions and other energy efficiency-related parameters for ships above 5,000 gross tonnes, related to EU ports [7] . These regulatory measures will increase the cost of fuel and stimulate the achievement of greater energy efficiency, which is directly related to the total resistance of a ship.
The total resistance of a ship in waves consists of calm water resistance that is constant at a given constant speed and oscillating resistance due to motions of the ship, depending on the encounter wave frequency [8] . Planning a route in which greater sea states are avoided can have a large impact on fuel consumption. On the other hand, it should be taken into account that choosing larger routes with lower sea states over the minimum distance routes may increase the voyage time, and despite the reduction in fuel consumption and CO2 emission, the optimal environmental route solutions are not necessarily the optimal economic solutions at the same time [9] . Also, it may lead to risks of affecting the time delivery and the obligation of ship owners to ensure the voyages with reasonable dispatch and without changes in the usual route [10] . A way to reduce fuel consumption, and therefore fuel costs, is slow steaming [11] . The concept of slow steaming introduced for container shipping by Maersk Lines, has later been applied to other types of ships including tankers and dry bulk ships, whose operating speeds are traditionally low. Slow steaming has reduced the fuel consumption, which in turn has led to significant decrease in carbon emissions [12, 13] . When it comes to ship types, container ships are considered the main pollutant emitters causing up to 60% of total emissions in shipping [14] . Ammar [15] has investigated energy efficiency and cost efficiency of a ship sailing at the slow steaming speed in the Red Sea. The author showed that reducing the ship speed for 40% leads to a significant reduction in the CO2 emission and annual costs related to fuel consumption, and estimated the loss of profit per reduced knot.
Tezdogan et al. [16] have performed calculations of ship motions and added resistance in waves at the design and slow steaming speed for S175 container ship and the results showed a decrease of 53% in the vessel's effective power and CO2 emission when the slow steaming approach was applied. The authors provided a valuable insight into the operational behaviour of the ship when not sailing at its design speed.
Since the influence of slow steaming on the overall voyage costs should be taken into account as well, Mallidis et al. [17] developed an analytical modelling methodology to assess the voyage costs due to an increased voyage time and the delays that may occur when sailing at slow steaming speed. Lee at al. [18] have proposed a model for the establishing the relation between the shipping time, fuel consumption and delivery reliability using set of industry data. The authors concluded that in order to keep the regular deliveries, additional vessels are required if slow steaming approach is applied. However, total savings in the fuel consumption are generally higher than the cost of operating additional vessels. Cepeda et al. [19] have investigated the benefits of slow steaming approach on the example of bulk carrier fleet. The authors pointed out higher efficiency of the fleet due to slow steaming, and the savings in fuel consumption and CO2 emission balanced the annual reduction in the transported cargo.
In this paper, the total resistance in waves, composed of calm water resistance and added resistance in waves, is calculated for a container ship at certain sea states for the North Atlantic using Computational Fluid Dynamics (CFD). The hull form of a typical container ship and a typical container ship trading route is chosen for the research at both the design and slow steaming speed. The obtained numerical results are validated against the experimental results available in the literature. For the purpose of spectral analysis, the significant wave height and zero crossing period are defined based on the wave statistics for the chosen route. The ratio of the fuel consumption for the slow steaming and the design speeds is calculated for the chosen route thus providing an insight into the potential savings in the fuel consumption, leading equivalently to CO2 emission reduction, on the realistic example.
METHODS
Numerical simulations of the flow around Kriso Container Ship (KCS) and KCS model are performed within commercial software packages HydroSTAR and STAR-CCM+ in order to determine the total resistance at certain sea states. KCS has a typical hull form of modern commercial container ships. Ship route analysed within this paper is common in today's container transport. Therefore, the obtained results might point out the importance of speed reduction during the sail at certain sea states. The body plan of KCS is shown in Figure 1 and main particulars are given in Table 1 . KCS 3D model is shown in Figure 2 . Numerical simulations are performed for two Froude numbers (Fn), which correspond to the design and the slow steaming speeds, i.e., Fn = 0.26 and Fn = 0.195. 
Calm water resistance
Numerical simulations of viscous flow around KCS model are performed within commercial software package STAR-CCM+, in order to determine the calm water resistance. Within numerical simulations, Reynolds Averaged Navier-Stokes (RANS) equations and averaged continuity equation are used as governing equations [20] :
where ρ is the fluid density, i u is the averaged Cartesian components of the velocity vector, i j u u ρ ′ ′ is the Reynolds stress tensor, p is the mean pressure and ij τ is the mean viscous stress tensor defined by:
where µ is the dynamic viscosity. Realizible k-ε turbulence model [21, 22] is used for closing a set of eq. (1) and eq. (2). Volume of Fluid (VOF) method is used for tracking and locating the free surface. This method introduces a new parameter, the fraction of i-th fluid in the cell (αi). Thus eq. (1) and eq. (2) are solved only for one fluid and αi is determined using the averaged continuity equation. Finite Volume Method (FVM) is used for the discretization of eq. (1) and eq. (2), which are solved in segregated manner. First order Euler implicit scheme is used for temporal discretization, while second order upwind scheme is used for the discretization of convective terms. Computational domain is discretized with unstructured hexahedral mesh, which is refined in the region near the expected free surface, around the KCS model and for capturing the Kelvin wake (Figure 3) . Six prism layers are made around the KCS model, in order to keep the non-dimensional wall distance (y +) value above 30. Thus, wall functions can be used, because the first cell from the wall is in the log-law region. Only half of domain is modelled, since symmetry condition is applied [23] . The domain boundaries are placed LPP away from the ship model in all directions. In order to prevent VOF wave reflection, VOF wave damping is applied using the damping function implemented in software package [24] . It should be noted that VOF wave damping length is set according to the 'dvar' function as follows:
where T is the period defined as ratio between LPP and KCS model speed. Applied boundary conditions are shown in Figure 4 . Numerical simulations are initialized with the initial velocity and pressure field. Time step used in this study is T/200, while the simulation is stopped after 20T. The obtained results for the calm water resistance (RT) for KCS model are extrapolated to the full scale values using the extrapolation procedure described in Farkas et al. [24] . Index M represents physical property for model scale, and index S represents physical property for ship scale. The total resistance coefficient in calm water can be divided as follows:
where k is the form factor and for KCS is equal to k = 0.1 [2] , CW is the wave resistance coefficient, assumed to be the same for model and ship (CWM = CWS) and CF is the frictional resistance coefficient defined according to the ITTC 1957 model-ship correlation line:
( )
where Rn is the Reynolds number. In order to obtain CTS, firstly CW has to be determined as follows:
where CTM is calculated according to:
where RTM is the calm water resistance of KCS model obtained from numerical simulation, ρM is the water density and vM is the KCS model speed.
After CW is determined, CFS is calculated according to the eq. (6) and then CTS can be easily determined utilizing eq. (5). The calm water resistance of full scale ship can be calculated according to the following equation:
where ρS is the sea water density.
Added resistance in waves
The added resistance of a ship in waves is one of the main causes of an involuntary speed reduction and an increase of the fuel consumption. Considering its direct effect on CO2 emission, it is very important to estimate an increase of the total resistance due to waves especially at heavier sea states. In severe sea states, ship may experience an increase in resistance larger than the one that is commonly taken into account as a percentage of the calm water resistance known as Sea Margin (SM).
The added resistance in waves is the second order wave force and is considered to be independent on the calm water resistance. Viscous part of the added resistance in waves is negligible, thus it is justified to calculate the ship added resistance using numerical tools based on the potential flow of fairly perfect fluid. Despite the fact that numerical tools based on the viscous flow theory are proven to be more accurate and sophisticated than the ones based on the potential flow theory, the latter ones are still widely used in
hydrodynamic calculations due to their robustness, low required computational time and reliability [25] .
In this paper, the added resistance of KCS container ship is determined utilizing the commercial software package HydroSTAR v.7.3 [26], based on the potential flow theory at regular head waves. Ship advancing speed is taken into account through the encounter frequency of incoming waves. The obtained results are validated, i.e., compared with the experimental data available in the literature.
Panel method within software package HydroSTAR provides the first order wave radiation and diffraction solution as well as the solution of the second-order wave loads. The velocity potential, used to describe the flow around ship hull, satisfies Laplace equation 2 Φ Φ 0 ∇ = ∆ = in the entire computational domain and consists of incoming wave potential ΦI and perturbation potential ΦP due to presence of the ship. Perturbation potential can be decomposed on its diffraction and radiation part.
In panel method, body is discretized using flat panels with sources and dipoles of constant strength on each panel. Integral equations, known as Boundary Integral Equations (BIE), are then solved for the unknown strength of sources and dipoles, based on so called Green function. Hull of the KCS container ship as well as the interior free surface of the hull are discretized using quadrilateral panels as can be seen in Figure 5 . 
where k is the wave number, n is the unit surface normal of boundary element and is oriented towards fluid and vn is the normal velocity on the boundary element. Radiation condition, which requires that the velocity potential disappears in the infinite boundary ( R → ∞ ) around the ship hull, is automatically satisfied when Kelvin type Green function is used. With known velocity potential, pressure on each panel can be calculated with modified Bernoulli equation. Forces and moments acting on ship hull are then calculated by the direct pressure integration along the wetted surface S and waterline L in their mean position, by the so-called near-field formulation as follows:
where ωi is the frequency of incoming wave, ϕ is the first order velocity potential, ϕn is the normal derivative of first order velocity potential on hull surface, ϕ * is the complex conjugate of first order velocity potential and * n φ is the complex conjugate of normal derivative of first order velocity potential on hull surface.
Since the added resistance in waves is determined through the Quadratic Transfer Function (QTF) approximated by zeroth-term only, the obtained force is a constant value at each given frequency of incoming wave.
In order to determine the ship response at irregular waves related to actual sea states, the wave energy density spectrum is used. It represents the energy of particular harmonic component of the irregular wave.
In this paper, the ship added resistance at actual sea state corresponding to the North Atlantic is obtained using the Bretschneider or two-parameter Pierson-Moskowitz sea spectrum recommended for the North Atlantic. One parameter of the spectrum is significant wave height HS, i.e., mean wave height (trough to crest) of the highest third of the all wave heights and second parameter is zero crossing period Tz, i.e., mean time interval between upward or downward zero crossings of a wave. The Bretschneider wave spectrum is defined by the following expression:
where ω is the wave frequency. The spectral function of the ship added resistance in waves is obtained by multiplying drift force at certain frequency and the corresponding ordinate of the wave spectrum. The first spectral moment, i.e., integral of the spectral function, is obtained using the trapezoidal rule of integration. The mean value of the added resistance at the defined sea state is thus based on the absolute values of the drift forces and the contribution of wave energy over the whole frequency range of interest. It should be noted that mean added resistance of ship advancing in waves is calculated based on the encounter frequency of the incoming waves as follows [27] ζ is the unit wave amplitude and ωe is the encounter frequency defined as follows: 17) where v is the ship advancing speed and β is the wave heading.
Verification study
The verification study is made for grid size, as it is the main source of numerical uncertainty. Within numerical simulations of viscous flow around the hull, grids are refined uniformly. Thus, the obtained number of cells for coarse mesh is around 0.5 M, for medium mesh 1 M and for fine mesh 2 M. The numerical uncertainty is estimated according to Grid Convergence Index (GCI) method, which is relied on Richardson extrapolation.
The apparent order of method is given with: 
RESULTS
In this section, the obtained numerical results for the calm water resistance as well as the added resistance in waves are presented. Furthermore, the benefit of speed reduction is shown in terms of fuel consumption.
Verification study is carried out at Fn = 0.260 and the obtained results are shown in Table 2 . As can be seen, the obtained numerical uncertainty is equal to 2.14%. It should be noted that the fine mesh is used for numerical simulation at Fn = 0.195. The wave patterns obtained with fine mesh for two Fn are shown in Figure 6 . The wave profiles on the KCS model obtained utilizing fine mesh for two Fn are shown in Figure 7 . It can be seen that the bow and stern wave systems begin with a wave crest, while the systems of bow and stern shoulders begin with a wave through. The obtained values of the calm water resistance for KCS model are extrapolated according to the procedure described in section Methodology. For Fn = 0.260, which corresponds to the design speed VD = 24 knots, the calm water resistance is equal to 1,471 kN. For Fn = 0.195, which corresponds to the slow steaming speed VS = 18 knots, the calm water resistance is equal to 686 kN.
The results for the added resistance in regular waves of unit amplitude are validated against the experimental data available in Simonsen et al. [29] at Fn = 0.260 (Table 4) . Table 4 . Validation of non-dimensional value of the added resistance in waves Spectral analysis, as described in section Methods, is performed in order to obtain the mean added resistance for certain sea states. Results calculated for regular waves of unit amplitude in the defined frequency range for two Fn are used for spectral analysis. In order to simulate real sailing conditions of container ships, the common container ship route Southampton-Boston is chosen. The route length is equal to 3,000 nautical miles. Significant wave height as well as zero crossing period which define certain sea state, are chosen based on Global Wave Statistics [30] .
The chosen route pass through sea areas 15 and 16 in the North Atlantic (Figure 8 ). Bretschneider spectrum for certain sea states is shown in Figure 9 . It can be seen that most of the spectral energy is contained in waves of lower frequencies. Under the assumption of constant specific fuel consumption and propulsive efficiency, the ratio of the fuel consumption per route for the slow steaming and the design speeds BS/BD is calculated as follows:
where RTW,D is the sum of the calm water resistance and the added resistance in waves at the design speed, RTW,S is the sum of the calm water resistance and the added resistance in waves at the slow steaming speed, tD is the route duration at the design speed and tS is the route duration at the slow steaming speed. The mean value of the added resistance in waves, the total resistance in waves and the effective power for certain sea states for Fn = 0.260, which corresponds to the design speed and Fn = 0.195, which corresponds to the slow steaming speed are calculated and given in Tables 5 and 6 , respectively. Furthermore, the ratio of the fuel consumption per route for the slow steaming and the design speeds BS/BD is given in Table 6 . The relation between the effective power and certain sea state for two mentioned speeds is shown in Figure 10 . It can be seen from Figure 10 that the effective power increases at higher sea states. For lower sea states, the portion of the calm water resistance in total resistance in waves is larger than for higher sea states. It should be noted that for the design speed the calm water resistance is significantly higher than the calm water resistance for the slow steaming speed. Thus, the obtained percentage savings in fuel consumption at heavier sea states are lower compared to ones for lower sea states ( Figure 11 ).
For example, for the heaviest sea state considered, the calculated ratio BS/BD is equal to 0.563. Therefore, when the design speed is reduced to the slow steaming speed, the fuel consumption per route decreases for 43.7%. However, it should be noted that the route duration for the slow steaming speed is 33.3% larger compared to the route duration for the design speed. 
CONCLUSIONS
The total resistance in waves for a typical container ship was calculated at the design and the slow steaming speeds. The calm water resistance was calculated utilizing CFD based on viscous flow and the added resistance in waves was calculated using CFD based on potential flow. The obtained numerical results show satisfactory agreement with the experimental results available in the literature. The calm water resistance was determined for KCS model and the obtained results are extrapolated to full scale values. The added resistance in waves was calculated at regular waves of unit amplitude. Spectral analysis for certain sea states corresponding to the North Atlantic was performed based on the Bretschneider spectrum, defined by significant wave height and zero crossing period. The ratio of fuel consumption at the slow steaming and the design speeds was determined as well. The results show the importance of the speed reduction in terms of fuel consumption per route. Under the assumption of complete combustion, the decrease of fuel consumption is equivalent to the decrease of CO2 emission, what is of great importance from the environmental point of view. However, it should be noted that the route duration at the slow steaming speed is larger compared to one at the design speed, which causes larger route costs as well as lower number of routes per year, i.e., lower profit per year.
For that reason, the part of future work will include economic analysis that will clarify weather savings in fuel at reduced ship speed are economically justified regarding higher ship expenses and lower profit.
